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Functionally Distinct NMDA Receptors Mediate
Horizontal Connectivity within Layer 4
of Mouse Barrel Cortex
neurons of Layer 4 are arrayed in a stereotyped pattern
of identifiable cytoarchitectonic unitsÐthe ªbarrelsºÐ
each of which corresponds to one of the contralateral
mystacial vibrissae (Woolsey and Van-der-Loos, 1970;
Welker, 1976). Their studies suggest that recurrent exci-
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Ben-Gurion University of the Negev tation within Layer 4 plays a major role in the function
of these cells as detectors of temporal contrast.Beersheva 84105
Israel It is known that virtually all of the intrinsic excitatory
connections in the cortex are glutamatergic. This fact,
however, says little about their functional properties,
which have yet to be described. In view of the greatSummary
diversity of glutamate receptor types and subtypes, glu-
tamatergic synapses can have any of a wide range ofIn sensory areas of neocortex, thalamocortical affer-
potencies and voltage- and time-dependent features. Itents project primarily onto the spiny stellate neurons
is these characteristics that define the role of synapticof Layer 4. Anatomical evidence indicates that these
connections within a circuit. For example, very slowlycells receive most of their excitatory input from other
decaying excitatory postsynaptic potentials (EPSPs),cortical neurons, including other spiny stellate cells.
such as those mediated by NMDA receptors or by aAlthough this local network must play an important
slow-decaying subtype of the AMPA receptors, causerole in sensory processing, little is known about the
a postsynaptic neuron to act as an integrator of synapticproperties of the neurons and synapses involved. We
inputs (Shadlen and Newsome, 1994), whereas very rap-have produced a slice preparation of mouse barrel
idly decaying EPSPs, such as those mediated by certaincortex that isolates Layer 4. We report that excitatory
AMPA receptors (Geiger et al., 1997), are critical forinteraction between spiny stellate neurons is largely
coincidence detection. Also, because the voltage de-via N-methyl-D-aspartate receptors (NMDARs) and
pendence of specific subtypes of NMDA receptors makethat a given neuron contains more than one type of
them particularly suitable for homosynaptic and hetero-NMDAR, as distinguished by voltage dependence.
synaptic conditioning, NMDARs feature prominently inThus, spiny stellate cells act as effective integrators of
models of cortical circuit plasticity and developmentpowerful and persistent NMDAR-mediated recurrent
(Kirkwood and Bear, 1994; Crair and Malenka, 1995;excitation.
Isaac et al., 1997).
Here, we have used in vitro brain slices to study theIntroduction
functional properties of recurrent excitatory circuitry in
Layer 4 of the mouse barrel cortex. For most previousIn sensory areas of the neocortex, afferent impulses
studies of neocortex, brain slices have been cut in theenter the radially oriented, multilaminar local cortical
coronal plane. However, although this plane of sectioncircuit via thalamocortical (TC) axons, which terminate
entails less damage to pyramidal cell dendrites andprimarily on the cells of Layer 4 (Lorente de No, 1938).
leaves much of the intralaminar circuitry intact, it is notOf these, about 20% are inhibitory interneurons, and the
optimal for studying horizontal organization within aother 80% are excitatory interneurons, which apparently
layer. We have therefore employed a novel slice prepara-comprise a local excitatory network. Thus, anatomical
tion, cut in a plane tangential to the pial surface, whichevidence indicates that the main excitatory neurons of
contains Layer 4 of the entire posterior medial barrelLayer 4Ðthe spiny stellate cellsÐreceive only 10%±15%
subfield (PMBS) of the mouse cortex.of their excitatory inputs from TC terminals (White and
We now report that in this region, Layer 4 neurons doRock, 1980) and that most of their remaining excitatory
indeed strongly interact via reciprocal excitatory syn-connections are with other cortical neurons, including
apses and that NMDAR-mediated transmission plays aother spiny stellate cells (Harris and Woolsey, 1983;
dominant role in this interaction. We further show thatWhite, 1989; Ahmed et al., 1994). In the visual system,
some of the NMDA receptors involved have unique prop-where the functional characteristics of sensory cortical
erties as compared to those previously described forneurons have been most intensively studied, it has been
cortex, in that they can be activated from the restingproposed that this local recurrent connectivity is a major
potential without prior depolarization.factor in determining such specific receptive field prop-
Portions of this work have appeared in abstract formerties as orientation and direction selectivity (Douglas
(Fleidervish et al., 1997, J. Physiol., abstract).et al., 1995; Somers et al., 1995). A similar function has
been ascribed to Layer 4 of somatosensory cortex by
Simons and his colleagues (Simons and Carvell, 1989; Results
Kyriazi and Simons, 1993; Simons, 1997). They have
studied the face area of rodent SMI cortex, where the The Tangential, Layer 4 Slice
We exploited the stereotyped organization of the barrel
cortex in order to study the intrinsic synaptic activities* To whom correspondence should be addressed (e-mail: ilya@
bgumail.bgu.ac.il). within Layer 4. By sectioning in a plane parallel to and
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Figure 1. Tangential Slice Preparation Containing Layer 4 of Mouse Barrel Cortex
(A) Schematic drawing to show the relation of ªbarrelsº to the cortical layers and the plane of section (dashed lines).
(B) Micrograph of a live tangential slice through Layer 4, prepared from the brain of 20-day-old mouse.
(Top) The entire barrel field is readily identifiable in the experimental chamber.
(Bottom) At higher magnification, an IR-DIC image of live stellate cells from the wall between barrels D5 and D6.
(C) Whole-cell current-clamp recording from a typical, visually identified spiny stellate cell. This neuron, like most neurons in Layer 4 (81/82),
is a ªregular spikingº cell. The apparent input resistance with a K1-containing pipette was 500 MV (382 6 32 MV, n 5 56 cells). Magnification
in (C) as in (B), bottom panel.
at an appropriate depth beneath the pial surface, we is very similar (White, 1978; Simons and Woolsey, 1984).
For comparison, we made similar histological sectionsproduced a tangential slice of the entire barrel field that
primarily contained Layer 4 (Figure 1A). In the one slice of coronal slices through the barrel cortex, and in these
we could clearly distinguish the various layers and thefrom each hemisphere that included this layer, the typi-
cal barrel organization could be clearly visualized at typical shape of pyramidal cell bodies (Figure 2B).
Cortical neurons have also been classified accordinglow magnification. Higher magnification IR-DIC video
microscopy revealed individual small neurons (Figure to spike generation pattern during a prolonged intracel-
lular stimulus pulse (Connors and Gutnick, 1990). Whole-1B) whose somatic morphology was clearly distin-
guished from the pyramidal-shaped neurons typical of cell recordings in current-clamp mode were made from
82 neurons; 81 of these were of the ªregular spikingº typecoronal slices.
The height of barrels in fixed tissue from mice older (Figure 1C), and one was a ªfast spiker.º Intracellular
staining with biocytin revealed that the single fast spik-than P20 is 120±125 mm (White et al., 1997). In order to
evaluate the extent to which cells from other layers were ing neuron was a nonspiny cell (data not shown). Another
anatomically identified nonspiny cell, however, had aalso present in the 300±400 mm tangential slices we
studied, we prepared Nissl-stained sections (1 mm thick) typical regular spiking firing pattern. No ªintrinsic burst-
ersº were encountered in the tangential slice, althoughthrough the edge of slices that had previously been used
for electrophysiological experiments (Figure 2). Light mi- they are regularly seen in deeper layers in coronal sec-
tions under the same experimental conditions.croscopic examination revealed that the outer 50±100
mm of the slice, corresponding to the border between
Layer 4 and Layers 3 and 5, respectively, was consider- Synchronous Network Discharges in Disinhibited
Tangential Slicesably damaged and contained few somata. In the middle
of the slice, the vast majority of cell bodies had morpho- In order to focus on recurrent excitatory synaptic activi-
ties within Layer 4, we added 10 mM bicuculline methio-logical features typical of spiny stellate cells: they were
round in shape, less than 10 mm in diameter, and pos- dide (BMI) to the bath and thereby blocked GABAA recep-
tor±mediated inhibition. Under these conditions, fieldsessed only a thin rim of cytoplasm containing little Nissl
substance (Simons and Woolsey, 1984; White et al., potential recordings revealed synchronous network dis-
charges, which occurred spontaneously or were elicited1997) (Figure 2A). Larger, roundish somata containing
relatively more cytoplasm were also encountered; these in an all-or-none manner by low frequency extracellular
stimulation (Gutnick et al., 1982) (Figure 3). These parox-were presumably smooth or sparsely spiny stellate neu-
rons, which are reported to constitute about 20% of Layer ysmal waves spread throughout the slice, propagating
slowly from barrel to barrel with a mean velocity of about4 cells (Simons and Woolsey, 1984; White et al., 1997).
A third cell typical of Layer 4, the ªstar pyramid,º would 4 mm/s.
Extensive study of the effects of GABAA blockade onnot be distinguishable from spiny stellate cells in these
sections, since the somatic morphology of the two types coronal neocortical slices has shown that generation of
NMDA Receptors in Layer 4 Neocortical Neurons
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Figure 2. Tangential Layer 4 Slice Contains Primarily Neurons with Typical Stellate Morphology
(A) (Left) A micrograph of a Nissl-stained, 1 mm thick section through the edge of a tangential slice. Note that the first 50±70 mm in depth
from the slice surfaces, corresponding to the Layer 3±4 and Layer 4±5 boundaries, were damaged by the slicing procedure and do not contain
cell bodies.
(Right) Cell bodies of the intact stellate neurons that occur deeper in the slice are spherical, are 10 mm or less in diameter, and possess only
a thin rim of cytoplasm containing little Nissl substance.
(B) A section through the edge of a coronal slice of barrel cortex, by comparison, reveals pyramidal neurons.
synchronized epileptiform discharges under these con- in polysynaptic chains of Layer 4 neurons within and
between barrels, and that this was dependent on activa-ditions is an emergent manifestation of excitatory syn-
aptic interaction within the local neuronal population tion of NMDA receptors. The result was unexpected
because the experiments were carried out with 2 mM(Gutnick et al., 1982; Traub et al., 1993; Golomb and
Amitai, 1997). In the present experiments, it must reflect Mg21 in the bath, which generally causes NMDAR-medi-
ated responses in cortex to be extremely voltage de-activation of excitatory synapses between Layer 4 neu-
rons, which comprise both the presynaptic and the post- pendent and largely suppressed at negative membrane
potentials (Nowak et al., 1984). We considered the pos-synaptic elements within the confines of the tangential
slice. sibility that the prominence of NMDAR-mediated re-
sponses in this preparation might reflect a more depolar-Surprisingly, NMDA-type glutamate receptors were
both necessary and sufficient to generate and sustain ized resting membrane potential (Vrest) for spiny stellate
neurons. True Vrest cannot be measured using recordingthe paroxysmal discharges in the Layer 4 slice. Thus,
although they were not obviously affected by exposure techniques that disrupt the membrane, because these
either cause a leak (sharp electrodes) or dialyze the cellto the specific AMPAR blocker, CNQX (20±40 mM) (n 5
42 slices), addition to the bath of 40 mM APVÐa specific (whole-cell recordings). In order to circumvent these
problems, we estimated Vrest from cell-attached re-NMDAR blockerÐreversibly caused a gradual decrease
in the amplitude of the paroxysmal wave, with a concom- cordings of single K1 channels under conditions of near
symmetrical K1 ion distribution across the membraneitant increase in rise time and latency, culminating in
total blockade (Figure 4A) (n 5 8 slices). This finding is patch. Since the actual voltage across the patch is equal
to the experimentally applied voltage plus Vrest, and sincein marked contrast to the results of similar experiments
in coronal slices (Figure 4B), where CNQX rapidly blocks the expected reversal potential for the K1 channel cur-
rent is zero, we could determine Vrest by measuring thethe paroxysmal waves induced by BMI, while APV only
decreases their duration and increases their latency, voltage command necessary to achieve zero current
through the channel (Figure 5A) (Zhang and Jackson,without preventing their generation (Golomb and Amitai,
1997). 1993). In seven cells from four different preparations,
Vrest was 277 6 1 mV (mean 6 SEM). Under the same
recording conditions and in the presence of BMI andTrue Resting Membrane Potential
of Layer 4 Neurons CNQX, the amplitude of the K1 channel current under-
went a stimulus-induced sequence of changes whichFrom the above experiment, we conclude that the parox-
ysmal discharge reflected excitatory synaptic activity mirrored the membrane potential and indicated that the
Neuron
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one another have a different voltage dependence than
those of other cortical neurons.
That the latter is the case was indicated by the finding
that CNQX-resistant, APV-sensitive, slowly decaying
spontaneous synaptic events were prominent at 270
mV in Layer 4 neurons, despite the presence of 2 mM
Mg21 in the bath (Figure 6). In all Layer 4 cells (n 5 78),
when GABAA receptor±mediated activity was blocked by
BMI, two types of spontaneous excitatory postsynaptic
currents (sEPSCs) were clearly distinguished on the ba-
sis of an order of magnitude difference in decay time
constant (0.8±1.5 ms versus 8±12 ms at 270 mV) (Figure
6B). The fast-decaying sEPSCs closely resembled the
only events recorded in Layer 5 neurons under the same
experimental conditions (Figure 6A). The fast events
were mediated by AMPA receptors, since they were
entirely blocked by bath-applied CNQX (Figures 6A and
6B), leaving silence in Layer 5 neurons (n 5 7) and slow-
decaying sPSCs in Layer 4 neurons (n 5 78). The latter
were blocked by bath-applied APV (n 5 6; data not
shown). In both layers, slow-decaying, outward, APV-
sensitive sEPSCs were prominent at 140 mV, indicating
that at least some NMDAR-mediated sPSCs in Layer 4
cells have a different voltage dependence than those of
Figure 3. Paroxysmal Discharges Propagate throughout Tangential Layer 5 cells. It is noteworthy, however, that in the Layer
Layer 4 Slice
4 neurons, the sEPSC frequency was higher at 140 mV,
Field potentials simultaneously recorded in two different barrels suggesting that some NMDAR-mediated synapses in
(sites 1 and 2) revealed that when GABAA receptor±mediated inhibi- these neurons were only active at more depolarizedtion was blocked by 10 mM BMI, stimuli delivered by a bipolar
potentials.electrode (stim) elicited a long-latency, all-or-none paroxysmal dis-
We considered the possibility that the difference in volt-charge that propagated slowly from barrel to barrel.
age dependence might reflect distortion due to inade-
quate space clamp of distal dendrites. This is unlikely,
paroxysmal discharge was indeed associated with a depo- however. Layer 4 stellate neurons are extremely small
larizing wave that arose directly from Vrest (Figure 5B). (White and Rock, 1980; Simons and Woolsey, 1984) and
compact electrotonically (Segev et al., 1995), especially
Two Types of sEPSCs in Layer 4 Neurons when perfused with Cs1, as in these experiments. In-
The above evidence indicated that even at negative Vrest, deed, if this were the reason for the observed difference,
the NMDAR-mediated conductance is powerful enough we would expect it to be even more prominent in Layer
to depolarize the membrane to spike threshold and initi- 5 neurons, which are larger and have a much more
ate synchronous activity. This suggested that either the elaborate dendritic tree. Moreover, current-clamp re-
NMDAR density is exceedingly high in these cells or cording from Layer 4 neurons at 270 mV revealed
CNQX-resistant slow sEPSPs that were completely andNMDA receptors in synapses that these cells form with
Figure 4. Paroxysmal Discharges in Layer 4
Slice Are Mediated Predominantly by NMDARs
(A) In a tangential slice, the discharges were
not affected by exposure to the specific
AMPAR blocker, CNQX (40 mM, 30 min), but
they were reversibly blocked by addition to
the bath of the specific NMDAR blocker, APV
(40 mM).
(B) When a coronal slice from the barrel cor-
tex was exposed to the same experimental
conditions, APV (40 mM) did not block the
paroxysmal waves, although it did reversibly
decrease their durations and increase their
latencies. CNQX (10 mM) caused a rapid de-
crease in the amplitude of the paroxysmal
field potential, which was completely abol-
ished within 14 min.
NMDA Receptors in Layer 4 Neocortical Neurons
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Figure 5. Nondialyzed Spiny Stellate Neurons in Tangential Slices Have a Negative Resting Membrane Potential and Participate in Paroxysmal
Events Evoked in the Presence of BMI and CNQX
(A) In a cell-attached configuration with K1 ions distributed nearly symmetrically across the patch membrane, voltage ramps were used to
measure K1 channel reversal potential by slowly (ramp duration 5 1 s) depolarizing the membrane patch from Vrest to Vrest 1120 mV. Since,
for the neuron shown, reversal was achieved at Vrest 176 mV, we conclude that Vrest 5 276 mV. Density and conductive and kinetic properties
of the K1 channels were similar to the recently described ªmatureº kind of neocortical BK channels (Kang et al., 1996). The resting intracellular
Ca21 is sufficiently high to produce activation of this channel without depolarization-induced Ca21 entry (Bielefeldt et al., 1992).
(B) When the command potential was held constant at 0 mV, the unitary opening amplitude reflected changes in Vm of the neuron; it declined
as a linear function of Vm when the cell depolarized from Vrest and approached a zero value at Vm 5 0 mV. (B) shows changes in the single
channel current amplitude following a stimulus (arrow) applied to an adjacent barrel, in the presence of BMI and CNQX. After a delay of about
30 ms, the membrane depolarized and released a series of five spikes (outward current deflections); the NMDAR-mediated depolarization
reached a peak by about 150 ms and then the cell repolarized slowly.
reversibly blocked by APV (Figure 6C); this was never Although the I±V relationships of responses elicited
by weak stimuli generally deviated from linearity at moreobserved in Layer 5 cells.
positive voltages, low intensity stimuli could also evokePrevious studies have shown that neonatal neurons
prominent NMDAR-mediated responses at hyperpolar-may briefly express an immature type of NMDA receptor
izing membrane potentials, depending on the positionthat is less sensitive to Mg21 than the adult type (Hestrin,
of the stimulating electrodes relative to the cell. Figure1992; Carmignoto and Vicini, 1992). It is unlikely, how-
8 shows the voltage dependence of one neuron's re-ever, that this is the type in the present recordings.
sponses to near-minimal stimuli delivered at six differentThe immature type is reported to peak during the first
sites. For four stimulus locations, inward current waspostnatal week and disappear by P10, while the present
maximal at around 225 mV and extremely small at 270experiments were conducted during the third and fourth
mV. For the other locations, however, the nadir of thepostnatal weeks. Moreover, the immature form of NMDAR
I±V curve was shifted prominently to the left, and EPSCsEPSC decays with a very long time constant (.250 ms
were significantly larger (p , 0.05) at voltages moreat 140 mV) (Carmignoto and Vicini, 1992; Hestrin, 1992),
negative than 220 mV. It is likely that at the differentwhereas the time constant of decay of sEPSCs we re-
stimulus locations, different sets of presynaptic fiberscorded in the Layer 4 neurons was much faster, varying
were activated and that these, in turn, activated at leastbetween 32 and 60 ms at 140 mV (47 6 5, n 5 6) (Figures
two different types of NMDAR synaptic response in a6A and 6B).
single neuron. A similar result was obtained in seven of
the ten cells examined in this way. In the remaining threeVoltage Dependence of NMDAR-Mediated Evoked
cells, the I±V relationships at all stimulus locations were
EPSCs in Layer 4 Neurons
not different, presumably because in these experiments
Decreased voltage sensitivity of some NMDA receptors we failed to find a stimulus site that selectively activated
was also evident in studies of EPSCs elicited by direct a limited set of presynaptic axons.
electrical stimulation; in tangential slices bathed in
CNQX and BMI, prominent APV-sensitive EPSCs were Discussion
readily evoked at 270 mV (Figure 7). For a given cell,
there was a clear difference in the strength of voltage- We have used brain slices that are sectioned in a plane
dependent block of EPSCs elicited by weak stimuli as that allows us to examine the local circuitry of Layer 4
compared to those evoked by strong stimuli. In the ex- in isolation, and we have discovered two unexpected
ample of Figure 7A, following a 20 mA stimulus, inward features of excitatory synaptic interactions within the
current was greatest at about 225 mV and was negligi- lamina: (1) EPSCs intrinsic to Layer 4 are mediated
ble at 270 mV, whereas with a 50 mA stimulus it was largely by NMDA receptors, and (2) some of the NMDA
maximal at about 245 mV and still quite significant at receptors involved have unique voltage-dependent prop-
270 mV. In the same experiment, the current at 270 mV erties such that they do not require prior depolarization
induced by the higher stimulus strength was completely for activation. Both of these findings point to an ex-
and reversibly blocked by APV (Figure 7B), proving that tremely potent recurrent excitatory connectivity.
it is entirely mediated by NMDARs. The same differential
effect of stimulus intensity was evident in all six neurons The Tangential Slice Preparation Isolates
in which it was tested. At all stimulus intensities, when the Local Circuitry within Layer 4
Mg21 was not included in the bath solution, I±V relation- Since the barrel field was first described by Woolsey
and Van-der-Loos (1970), sectioning in a plane parallelships were linear (n 5 3; data not shown).
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Figure 6. NMDAR-Mediated sEPSCs Are Present at Negative Membrane Potentials in Layer 4 Neurons (but Not in Layer 5 Neurons), Despite
the Presence of 2 mM Mg21 in the Bath
(A and B) 2 s long representative traces of sEPSCs at 270 mV in the presence of BMI (10 mM) and at 270 mV and 140 mV in the presence
of BMI and CNQX (20 mM). Also shown (at a different time scale) are averages of 28±50 sEPSCs for each condition. Only events that did not
superimpose upon adjacent EPSCs were selected for averaging. All recordings were made with Cs-filled pipettes.
(A) In a Layer 5 neuron (coronal slice), in the absence of the AMPAR blocker, all events decayed with a rapid, monoexponential t of 0.8±1.5
ms. Following exposure to CNQX, sEPSCs were not recorded at 270 mV but were prominent at 140 mV.
(B) In a Layer 4 neuron (tangential slice), in the absence of the AMPAR blocker, two types of sEPSCs were recorded at 270 mV: rapidly
decaying events as in (A) and slowly decaying events (t 5 8±12 ms). At this negative voltage, the slowly decaying events persisted in CNQX.
In CNQX at 140 mV, sEPSCs with slow decay (t 5 32±60 ms) were recorded in both types of neuron. Calibration beneath the lowest trace
in the first column of (B) applies to all averages at 270 mV; calibration beneath the lowest trace in the third column of (B) applies to averages
at 140 mV.
(C) Current-clamp recordings in a Layer 4 neuron of NMDAR-mediated spontaneous EPSPs, made using a K-gluconate-filled pipette at 270
mV. sEPSPs, recorded in the presence of BMI and CNQX, were reversibly blocked by bath-applied APV (40 mM). The record is AC-filtered at
5 Hz; the insets show unfiltered traces at higher sweep speed.
to the pial surface has been a common approach for Layer 4 slice, on the other hand, intralaminar connectiv-
ity within and between barrels is preserved with minimalanatomical studies of the circuitry of Layer 4 in the
whisker region of rodent somatosensory cortex (Harris damage to the Layer 4 neurons.
Because the individual barrels and the septa that sep-and Woolsey, 1983; Simons and Woolsey, 1984; White
et al., 1997). We now show that the tangential plane of arate them are clearly visible in live, unstained tangential
slices, we can confirm during the in vitro experimentsection is also appropriate for physiological experi-
ments. Usually, in vitro physiological studies of neocorti- that we focus precisely on Layer 4 of the entire PMBS
region of the somatosensory cortex. Even though thecal neurons and local circuitry are carried out in coronal
brain slices, because this plane of section minimizes 300 mm slice is thicker than the 125±150 mm Layer 4, it
is likely that the large pyramidal cells that border thedamage to the elaborate dendritic trees of pyramidal
neurons in the supragranular and infragranular layers, granular layer are too damaged by the slicing procedure
to survive; indeed, large, pyramidal-shaped neuronsand it leaves much of the interlaminar circuitry intact.
Agmon and Connors (1991) modified the angle of section were not seen during experiments or subsequently in
Nissl-stained sections (see Figures 1 and 2).of the coronal slice in order to maintain much of the
thalamocortical circuitry. However, both the thalamo- The morphological characteristics of Layer 4 neurons
in mouse barrel cortex have been studied in great detailcortical slice and the more usual coronal slice are too
thin to permit detailed study of the intralaminar hori- (White, 1978; White and Rock, 1980; Harris and Woolsey,
1983; Simons and Woolsey, 1984). About 80% are spinyzontal connectivity. In the 300±400 mm thick tangential
NMDA Receptors in Layer 4 Neocortical Neurons
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Figure 8. NMDA Responses Elicited by Stimulation of Different SetsFigure 7. Two Types of Stimulus-Elicited NMDA Responses
of Presynaptic Fibers(A) Current±voltage relationships of NMDAR-mediated EPSCs,
(A) Representative traces of NMDAR-mediated EPSCs, evoked in aevoked at two stimulus intensities. Dots are peak values of NMDA
different neuron by near-minimal stimuli applied at two differentcurrent, normalized to peak current amplitude at 140 mV; each dot
sites. Note that although the outward currents at two stimulus loca-was obtained by averaging of 15 sweeps. Starting from a membrane
tions are of about the same peak amplitude, the inward currentspotential of 220 mV, all inward currents evoked by higher intensity
are not.stimulation were significantly larger than those evoked by the
(B) Current±voltage relationships of responses elicited by stimuliweaker stimulus; with 20 mA stimulation, I±V reached a peak value
applied at six different sites, including the two shown in (A). Dotsat 225 mV, while at 50 mA stimulation, the maximal inward current
are peak values of NMDA current, normalized to peak current ampli-was observed at 245 mV.
tude at 140 mV; each dot was obtained by averaging of 15 sweeps.(Inset) Representative traces of NMDAR-mediated EPSCs, evoked
Note that for four stimulus locations, inward current was maximalat two stimulus intensities. Note that 20 mA stimulus elicited a signifi-
at around 225 mV and extremely small at 270 mV. For two others,cant outward current, when the postsynaptic membrane was held
however, the nadir of the I±V curve was shifted prominently to theat 140 mV (left), but only a negligible inward current at 270 mV
left with a maximum at around 240 mV. The drawing of a spiny(right). A slight increase in stimulus intensity (50 mA) resulted in
stellate neuron in (B) was adapted from White and Rock (1980) tothe appearance of significant inward current at negative membrane
illustrate the relative stimulus locations.potentials.
(B) The graph shows the blockade by APV (40 mM) on the current
at 270 mV induced by the higher stimulus strength derived from
indicate, however, that these are precisely similar tothe same experiment.
spiny stellate cells in all other respects (White, 1978;
Simons and Woolsey, 1984).
About 20% of the Layer 4 cells are sparsely spinycells, with spherical somata 10 mm or less in diameter,
large nuclei that leave only a thin rim of cytoplasm, and or aspiny neurons. These presumed inhibitory neurons
have larger cell bodies and relatively smaller nuclei, and3±5 dendrites that are 100±150 mm long and do not
extend to other laminae. While most of these small neu- their dendrites are also largely restricted to Layer 4 (Si-
mons and Woolsey, 1984; White et al., 1997). The influ-rons are spiny stellate cells, some of themÐthe ªstar
pyramidsº (Simons and Woolsey, 1984) or ªmodified py- ence of these cells was not apparent in the present
experiments because we blocked all GABAA receptor±ramidal cellsº (White, 1978)Ðhave an additional apical-
like dendrite that extends into Layer 3. Golgi studies mediated synaptic activity.
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Axons of all neurons in mouse barrels ramify consider- discharge is initiated. We may also exclude the possibil-
ity that the synchronous population event is generatedably within Layer 4. Harris and Woolsey (1983) reported
that before the axon of a spiny stellate neuron descends by nonsynaptic interactions between Layer 4 neurons,
as has been described for hippocampal slices underfrom Layer 4 toward the white matter, it gives off numer-
ous local collateral branches that are usually confined specific experimental conditions (Konnerth et al., 1986).
Were this to be the case, appearance of the dischargesto the same barrel. Serial electron microscopic study
reveals that there are about 500 asymmetrical synapses would not be contingent on blockade of synaptic inhi-
bition, nor would their generation be prevented by aonto a spiny stellate cell, that virtually all of these pre-
sumed excitatory inputs are onto spines, and that less pharmacological agent such as APV, whose only known
effect is to block a form of excitatory synaptic transmis-than 15% are with thalamocortical afferents (White and
Rock, 1980). Much of the remaining 85% of the excit- sion. We conclude that the epileptiform discharge and
its propagation in the disinhibited tangential slice indi-atory input is from other spiny stellate neurons (Harris
and Woolsey, 1983; White, 1989; Ahmed et al., 1994). cates that axon collaterals of spiny stellate cells spread
in Layer 4 to innervate other spiny stellate cells withinThus, each barrel contains the anatomical substrate for
a strongly interactive network of excitatory neurons in and, at least to some extent, between barrels.
The characteristics of cortical paroxysmal dischargeLayer 4. If we assume that 300 of the asymmetrical
inputs onto a single spiny stellate cell are from other are a manifestation of the characteristics of the circuitry
that generates it. When it is induced in the intact corticalsimilar neurons, that the spatial distribution of connec-
tions within a barrel is uniform, and that a given neuron circuit, it reflects powerful interlaminar recurrent interac-
tions, and the deeper layers play a dominant role in itsmakes three to five synaptic contacts with its target (as
is observed in other cortical laminae; Buhl et al., 1997; generation and propagation (Connors, 1984; Connors
and Amitai, 1995). The properties of discharges gener-Markram et al., 1997), we may conclude that each neuron
is directly connected to 75 of the approximately 2000 ated in the tangential slice were found to differ from
those evoked in the coronal slice. When the evoked(Pasternak and Woolsey, 1975) other spiny stellate cells
in the same barrel. This implies a probability of 0.0375 synchronous events are limited to Layer 4, they are com-
pletely blocked by an NMDAR antagonist and are unaf-that any two spiny stellate neurons within a barrel are
monosynaptically connected in one direction and a fected by CNQX, whereas events in coronal slices can
only be generated if AMPAR-mediated transmission isprobability of 0.94 that they are connected disynap-
tically. The tangential slice preparation we have intro- intact (Golomb and Amitai, 1997). This pharmacological
distinction, which must reflect a fundamental differenceduced is ideal for revealing the physiological character-
istics of this potentially powerful positive feedback in the underlying circuitry, is consistent with the view
that within Layer 4, NMDAR-mediated glutamatergiccircuit, because all thalamocortical axons have been
severed, as have cortico-cortical axons originating in transmission dominates the intrinsic excitatory synaptic
interactions.other layers.
Paroxysmal Discharges Reflect Recurrent
Individual Layer 4 Neurons Contain at LeastExcitatory Synaptic Connectivity
Two Distinct Types of NMDARwithin Layer 4
In studies of super- and subgranular neocortical neu-Cellular mechanisms underlying the synchronous par-
rons, cortico-cortical EPSPs were found to consist of aoxysmal discharges that are induced by blockade of
rapid initial phase, which is mediated by AMPA recep-GABAA synapses have been studied extensively, and it
tors, and a subsequent slower phase, which is NMDARis generally accepted that they represent an emergent
dependent (Thomson et al., 1989; Gil and Amitai, 1996).circuit phenomenon that depends on recurrent synaptic
The NMDA component has a characteristic voltage de-excitation (Gutnick et al., 1982; Traub et al., 1993; Go-
pendence due to Mg21 block (Nowak et al., 1984), suchlomb and Amitai, 1997). In order for such activity to be
that it is only minimally activated at resting potentialgenerated in an in vitro preparation, it is necessary that
(typically around 270 mV in neocortex [Connors et al.,a critical mass of interconnected excitatory neurons be
1982]). Our findings indicate that in addition to this ªclas-preserved within the slice, with postsynaptic and pre-
sicalº type of NMDAR, spiny stellate cells also have ansynaptic capabilities intact. In the tangential slice, only
another type, previously unreported for neocortex, thatLayer 4 cells are sufficiently preserved to sustain activity
does not require prior depolarization from rest in orderwithin local neuronal chains. Although some dendrites
to be activated. Its presence was manifest by CNQX-of supra- and infragranular layers may survive in the
resistant, APV-sensitive, slow evoked or spontaneousslice (Benardo et al., 1982), they are cut off from output,
synaptic events at 270 mV.while the cut axons of neurons originating outside of
The molecular basis for the distinctive NMDAR char-Layer 4 are isolated from synaptic input.
acteristics in individual spiny stellate neurons has yet toThere is evidence that during paroxysmal activity in a
be determined. There is evidence that PKC-dependentneocortical epileptic focus, presynaptic thalamocortical
phosphorylation of the NMDA channel can result in al-terminals may fire ectopically and might thus contribute
tered Mg21 sensitivity (Chen and Huang, 1992). In viewdirectly to the postsynaptic response (Gutnick and
of the consistency of our results from experiment toPrince, 1972). It is unlikely, however, that the synchro-
experiment, however, it seems more likely that the de-nous population event is actually elicited by such inde-
creased voltage dependence is due to a stable differ-pendent axonal activity, which appears, rather, to be a
reflection of ionic changes that are caused once the ence in receptor subunit composition. In NMDA receptor
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channels, subtype-specific differences of Mg21 block between voltage-dependent NMDA receptors and plas-
are determined by the NR2 subunits; channels assem- ticity within the granular layer is limited to a transitory
bled from the NR1-NR2A or NR1-NR2B subunits are period in the first week of development of the neonatal
blocked more strongly than channels formed by the barrel cortex (Crair and Malenka, 1995). Here, as else-
NR1-NR2C or NR1-NR2D subunits, predominantly re- where in the CNS, the feature of the NMDA receptor
flecting a difference in voltage dependence (Monyer et that makes it ideal for use-dependent plasticity is its
al., 1992, 1994). In in situ hybridization (Monyer et al., voltage dependence (Isaac et al., 1997). We now show,
1992, 1994) and immunohistochemical (Wenzel et al., however, that many NMDARs in Layer 4 are unique for
1995) studies, NR2C is found primarily in cerebellum. In cortex in that they are less voltage dependent, sug-
a recent study of transgenic mice that express the lacZ gesting that they function in ongoing sensory pro-
indicator gene controlled by the NR2C promoter region, cessing. This fits well with results of in vivo studies
however, lacZ-expressing cells were also found in neo- which show that in Layer 4 of rat barrel cortex, late
cortex, where they were largely limited to Layer 4 (see sensory-evoked spike activity, which apparently reflects
Figure 3A in Suchanek et al., 1997). Our electrophysio- neuronal interactions within the layer, is largely sup-
logical data provide strong evidence that this staining pressed by focal iontophoresis of APV (Armstrong-
indeed connotes NR2C expression, and, conversely, the James et al., 1993).
molecular data strongly suggest that the NR2C subunit Two prominent features of NMDAR-mediated EPSCs
indeed underlies our observations that Layer 4 neurons in Layer 4 were their large amplitudes and the slow time
display NMDAR-mediated responses that are relatively course of their decay. Calculating the time integrals of
voltage independent. sEPSCs such as those illustrated in Figure 6 reveals that
Patch-clamp studies have revealed that individual at 270 mV, the net charge transfer associated with an
neurons can express more than one type of NMDA re- NMDAR-mediated EPSC was at least 12 times greater
ceptor, detected as discrete populations of channel am- than that caused by AMPAR activation. It is thus evident
plitudes within a single patch (Farrant et al., 1994; Momi- that the spiny stellate cells are effective integrators of
yama et al., 1996). powerful recurrent excitation. Moreover, because acti-
Results of our minimal stimulation experiments (Fig- vation of the NMDAR-mediated currents involved is not
ure 8) suggest that in spiny stellate cells, the different contingent on a depolarized membrane, this strong cou-
types of NMDAR may be segregated to different syn-
pling between the excitatory interneurons cannot be
apses, perhaps under presynaptic control as recently
vetoed by brief hyperpolarizing feedback and feed-for-
shown for subunit composition of NMDA receptors in
ward inhibitory postsynaptic potentials (IPSPs) (Agmonhippocampal cultures (Gottmann et al., 1997). Gil and
et al., 1996).Amitai (1996) reported that thalamocortical synapses
are largely AMPA mediated and that they also contain
Experimental Procedures
an NMDA component that is not revealed at resting
membrane potential unless Mg21 is removed from the Experiments were performed in brain slices from 18- to 24-day-old
extracellular fluid. This is consistent with our observa- CD1 mice, using procedures that are standard in this laboratory
(Fleidervish et al., 1996). A single tangential slice was prepared fromtion that the lowest stimulus intensities generally elicited
each brain as follows. After removal from the Nembutal-anesthetizeda highly voltage-dependent NMDA response, since the
animal, the base of the brain was trimmed at a 308 angle relative tostimulus threshold of thalamocortical axons has been
the horizontal and a 108 angle relative to the vertical planes. Theshown to be extremely low (Stratford et al., 1996).
block was then oriented in a vibratome with the trimmed surface
The present findings indicate that there are cortico- down, so that the plane of the knife was tangential with respect to
cortical synapses within Layer 4, including intrabarrel the pial surface of the barrel field (Figure 1A) (Woolsey and Van-
connections, which are largely mediated by NMDA re- der-Loos, 1970). The first 150 mm slice, which contained Layers 1
and 2 and most of Layer 3, was discarded. The subsequent 300±400ceptors, and that at least a portion of these can be
mm slice, in which the posteromedial barrel sub-field was clearlyactivated without prior depolarization. This does not rule
visible under the microscope (Figure 1B), was then taken for re-out the possibility that there is also an AMPAR-mediated
cording. In order to insure that all of Layer 4 was present withincomponent, as was shown for spiny stellate cells in
this slice, it was only used if barrels were not present in the slice
coronal slices of cat visual cortex by dual recording in immediately above and below it. Staining with biocytin or Lucifer
the presence of APV (Stratford et al., 1996). In the pres- yellow revealed only cells with a typical stellate morphology. Slices
ent study, however, the distinctive pharmacological were submerged in Ringer's solution, which contained (in mM) NaCl,
124; KCl, 3; CaCl2, 2; MgSO4, 2; NaH2PO4, 1.25; NaHCO3, 26; andproperties of the paroxysmal discharges that appeared
glucose, 10 (pH 7.3 when bubbled with 95% O2/5% CO2). As pre-following exposure to bicucullineÐCNQX resistance
viously described for this laboratory (Fleidervish et al., 1996), whole-and APV sensitivityÐsuggest that that NMDARs domi-
cell or cell-attached recordings were either made blindly or undernate this transmission in mouse barrel cortex.
IR-DIC microscopic control. Whole-cell recording pipettes (2±4 MV)
were filled with (in mM) CsCl, 135; MgCl2, 2; QX2314, 1; and HEPES,
Functional Implications of NMDAR-Mediated 10 (pH 7.2 with CsOH). Care was taken to maintain membrane ac-
Interaction between Layer 4 Neurons cess resistance as low as possible (usually 3±4 MV and always less
than 10 MV); series resistance was 80% compensated using theCortical NMDA receptors are generally associated with
built-in circuitry of an Axopatch-1D amplifier. For K1 channel re-mechanisms of development and plasticity. In mature
cordings, pipettes (2±4 MV) contained (in mM) KCl, 135; CaCl2, 2;somatosensory cortex, for example, NMDAR-mediated
MgCl2, 2; glucose, 10; and HEPES, 10 (pH 7.3 with KOH). Fieldtransmission has been linked primarily to synaptic plas- potentials were recorded using patch pipettes filled with (in mM)
ticity (Kirkwood and Bear, 1994). Such changes, how- NaCl, 135; CaCl2, 2; MgCl2, 2; glucose, 10; and HEPES, 10 (pH 7.3
ever, are apparently not initiated within Layer 4 (Dia- with NaOH). Bicuculline methiodide (BMI, 10 mM) and CNQX (10±40
mM) were routinely added to the bath to block GABAA receptor±mond et al., 1994). The only reports of a clear association
Neuron
1064
and AMPAR-mediated conductances, respectively. All records were Fleidervish, I.A., Friedman, A., and Gutnick, M.J. (1996). Slow inacti-
vation of Na1 current and slow cumulative spike adaptation in mouseanalog filtered at 2 kHz (23 dB, 4-pole Bessel) and digitized at 5±10
and guinea pig neocortical neurones in slices. J. Physiol. 493, 83±97.kHz. Extracellular stimuli of 100 ms duration were delivered with a
bipolar electrode (10 mm insulated tungsten wires, 200 mm apart). Geiger, J.R., Lubke, J., Roth, A., Frotscher, M., and Jonas, P. (1997).
All experiments were done at 328C 6 0.58C. Submillisecond AMPA receptor±mediated signaling at a principal
neuron±interneuron synapse. Neuron 18, 1009±1023.
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